ABSTRACT
INTRODUCTION
There is a growing interest in imaging radars to be used in small-scale airborne earth observation applications. Examples of such small-scale applications are the monitoring of land use, or micro-farming, but one can also think of military applications, like the reconnaissance of enemy lines, or the detection and tracking of moving vehicles. Furthermore, there is a special interest in imaging radars with fast image generation capability in the field of civil crisis monitoring. Radar systems to be used for such applications should be of high-resolution, be cost-effective, and be small enough to be mounted on a small, possibly unmanned, airborne platform. However, existing imaging sensors, based on pulsed radar systems, are usually too heavy to be operated from small aircraft, or too expensive in daily use to be applied in smallscale civil applications. Frequency modulated continuous wave (FM-CW) radars, on the other hand, are generally more compact and less expensive in day-to-day use than their pulsed counterparts. Furthermore, modern solid state microwave circuits can operate more efficiently in continuous wave mode. Since radar resolution in azimuth direction may be enhanced applying synthetic aperture radar (SAR) techniques, the combination of SAR techniques and FM-CW technology should lead to a compact, cost-effective, high-resolution imaging radar. For the operation of a compact FM-CW SAR a small, low-cost aircraft should be sufficient. This is another reason why FM-CW SAR could be cost-effective. But, to make FM-CW SAR a true competitor for small-scale civil applications, the operating costs should be lower than the costs of aerial photography. Such a compact low-cost sensor would mean a breakthrough for remote sensing in small-scale applications. Nevertheless, SAR is an innovative application for FM-CW radars.
PROJECT OVERVIEW
A new research project is started to show the feasibility of FM-CW SAR technology in the field of airborne earth observation, and to design a low-cost, high-resolution system. During the project two main subjects will be addressed: the system design and the development of special signal processing algorithms. A low-cost operational demonstrator will be built, based on commercially available components. This demonstrator should prove the feasibility of FM-CW SAR, and provide real test data. These test data will be indispensable for the validation of the system design models. A Stemme S10 light motorglider is available to perform test flights. An important issue in SAR is the signal processing. However, existing SAR processing algorithms for pulsed SAR systems will not be readily applicable, mainly because pulse radars deliver signals in the time domain, whereas FM-CW radars deliver signals in the frequency domain. Therefore, special SAR algorithms, which take the typical characteristics of FM-CW radar signals into account, will be developed. The signal processing algorithms will be validated using the test data obtained with the demonstrator. In a later stage of the project the development of moving target indication techniques will be emphasised, and a study to real-time processing using commercial parallel computer components will be carried out.
SYSTEM DESCRIPTION
The target system will operate in strip-mapping mode. To be of practical use the width of the imaged strip of land should be 1000 m or perhaps wider. The desired single-look resolution is 30 cm in range as well as in azimuth direction. For the demonstrator it is assumed that the flying altitude will be around 250 m and that the platform velocity will be 150 km/hr. The minimum range will be 350 m, the ground swath will be 500 m, resulting in a maximum range of about 800 m. The system characteristics are summarised in table 1. The demonstrator will be based on a customised version of a low-cost FM-CW front-end, used in anti-collision car radars. The noise figure of this front-end is 8 dB, and the system losses are 3 dB. The antenna is a horn-lens antenna, providing a gain of 20 dB. A well-known problem in FM-CW radars is the leakage signal arriving at the receiver via the direct coupling between the transmitting and the receiving antennas. The phase noise associated with the leakage signal may mask echo signals if the antenna isolation is insufficient, or if the phase noise of the local oscillator is too high. The slope of the phase noise is approximately 1/f, Wehner (1), where f is the offset from the carrier frequency. Using a linear frequency modulation scheme, this offset frequency is proportional to range, Skolnik (2). Therefore, the phase noise is proportional to 1/R. However, for imaging radars the received signal is proportional to 1/R 3 , Skolnik (2). So long-range weak scattering may be masked by the phase noise associated with a strong, short-range echo. A first inventory already indicated that the sensitivity of the front-end to be used in the experimental system will be limited by phase noise rather than by thermal noise. Therefore, the leakage signal and reflections of the aircraft itself have to be carefully minimised. Regarding the phase noise leakage, it was already decided to reduce the ground swath to 500 m, and also to relax the resolution specifications if necessary. Since the experimental system is merely used to show the feasibility of FM-CW SAR and to validate the design models, relaxing the specifications is not considered a problem.
SYSTEM DESIGN MODELS
The maximum SAR integration time is dependent upon the antenna beamwidth in azimuth direction and the platform velocity, and is given by:
The corresponding synthetic aperture length is about 27 m, leading to a theoretical azimuth resolution of 0.12 m. In practice, this theoretical value will not be within reach since platform motion errors will limit the azimuth resolution.
The general form of the signal-to-noise ratio for radars is:
where λ is the carrier wavelength, σ is the radar cross section (RCS) of the target, k is Boltzmann's constant, T 0 = 290 K is the standard temperature, and B n is the noise bandwidth. After determination of the beat frequency, the noise bandwidth B n is equal to the PRF, Griffiths (3). However, in imaging radar applications the clutter-to-noise ratio (CNR) is at least as important as the SNR, since one is mainly interested in the background. The CNR can be calculated by replacing σ in equation (2) by the clutter backscatter coefficient of the illuminated surface σ clutter . After determination of the beat frequency the range resolution is already formed. Therefore, σ clutter should be calculated using a single resolution cell, rather than the entire swath width:
where ∆r r, ground is the range resolution projected on the ground, and σ 0 is the radar cross section per unit area of the illuminated cell. In these calculations σ 0 is set to -12.4 dB; that is the clutter backscatter coefficient per unit area for grasses at an incidence angle of 70° from the normal, Ulaby and Dobson (4). Combining equations (2) and (3) leads to:
After full SAR integration the clutter backscatter coefficient can be written as:
And finally the CNR after full SAR integration follows as, Levanon (5)
The CNR is very low, even after full SAR integration. Since exact figures for the phase noise and the antenna isolation are not known yet, the phase noise is left out in these clutter-to-noise ratio calculations. Hence, in practice the CNR will be even a bit lower. However, this low CNR may not be a problem, since the signal processing algorithms can probably be validated using a couple of larger targets.
Range ambiguities are not to be expected, since the unambiguous range is much larger than the maximum range of interest. However, some azimuth ambiguities may occur. The unambiguous beamwidth in azimuth direction is:
where c is the speed of light. At the edges of the unambiguous azimuth beamwidth the antenna gain is about 13.5 dB down. Hence, large targets may cause azimuth ambiguities. Especially if due to aircraft yaw the antenna beam is pointing away from the area of interest. In the experimental system some azimuth ambiguities are tolerated.
The minimum and maximum beat frequency are f b, min = 1.16 MHz and f b, max = 2.62 MHz respectively. So the width of the beat spectrum is about 1.5 MHz, the sampling rate is set to 3.5 MHz (real samples). Using 12 bits to code each sample leads to a bit rate of 5 Mbytes/s. Regarding this data rate, the data acquisition chain can be implemented using off-the-shelf A/D computer cards.
SIGNAL PROCESSING
The main purpose of SAR signal processing is to compress the raw data in range as well as in azimuth direction. Furthermore, the processing algorithms should correct motion errors, and typical SAR data features as range walk. To investigate the influence of the system parameters, for example the antenna pattern, motion errors, and platform velocity, upon the resolution, a computer simulation is being developed. In FM-CW radars the received signal is mixed with a portion of the transmitted signal, producing a difference or beat frequency. For linear modulation schemes this beat frequency is proportional to range, Skolnik (2) . If the radar beam is filled with several targets a beat spectrum will be produced after mixing. This beat spectrum can be determined by performing a Fourier transform on the time domain signal. In SAR a large azimuth antenna aperture is synthesised by making use of the motion of the radar platform, Levanon (5) . Due to the motion of the radar platform the range will differ from sweep to sweep, introducing a phase shift from sweep to sweep. After correction of this phase shift, the data can be compressed by performing a Fourier transform in azimuth direction, Soumekh (6) . Figure 1 shows the first results of the FM-CW SAR simulation for a single point target. Amplitude and noise factors, such as the antenna pattern and motion errors, are not included yet. First a Fourier transform is performed on each sweep to determine the beat spectrum, in the process the range resolution is formed. Figure 1a shows the range compressed data. Subsequently, the phase shift is corrected and the data are compressed in azimuth direction. Panel b shows the point target's response after azimuth compression. The range and azimuth resolutions obtained with the simulation agree very well with the theoretical resolutions. The next step will be to include distorting factors, like the antenna pattern, noise, motion errors, etc.
CONCLUSIONS
There is an increasing interest in small, low-cost, high-resolution imaging radars in the field of small-scale airborne earth observation applications. An FM-CW SAR system, combining compact FM-CW technology with high-resolution SAR techniques, should be a good candidate for such applications. Nevertheless, SAR is a novel application for FM-CW radars in the field of airborne earth observation.
To investigate the feasibility of FM-CW SAR a small, low-cost demonstrator will be built. The demonstrator will be based on commercially available components. A first inventory indicated that the sensitivity of the demonstrator is limited by phase noise leakage rather than by thermal noise. One way to decrease the phase noise leakage is to maximise the antenna isolation. For future higher performance systems, phase noise can be further reduced by applying a high quality oscillator in the radar. The performance level of the system will be evaluated and compared to the system design models. The models will be further improved to enable the design of a future higher performance FM-CW SAR for operational application. The signal processing algorithms will be further developed with the aid of the computer simulation, and finally they will be validated using the experimental data measured by the demonstrator. 
